Production of double haploids in oat (Avena sativa L.) by pollination with maize (Zea mays L.) Abbreviations 2,4-D -2,4-dichlorophenosyacetic acid; dicamba -3,6-dichloro-2-methoxybenzoic acid; DH -double haploid.
Introduction
Modern crop breeding has a number of advantages when using DH plants, such as shortening of the production time of new varieties and the possibility of using them in research. Classical methods of production of new varieties, based on a selection in every generation, take six to ten years. Biotechnological methods allow for a shortening of this time, even to one vegetative season. Breeders can make new cultivars with features from DH lines and be confident about completely homozygous plants. Moreover, DH lines can be used in the production of genetic maps, which help in the search for quantitative traits loci (QTL), conjugated with molecular markers and connected with many physiological processes, such as receptivity to the effectiveness of androgenesis or tolerance to biotic and abiotic stresses [1, 2] . Haploids can be obtained using a number of methods, namely: from male gametophyte by androgenesis, using anther cultures or isolated microspores cultures [3] [4] [5] [6] [7] [8] , or from female gametophytes by gynogenesis or wide crossing, usually with maize (a method also known as chromosomes elimination) [1, 9, 10] . In comparison to anther culture, pollination with maize has an advantage because all regenerated haploid embryos are green, whereas in anther culture many of them are albino.
The method of chromosome elimination that has been used in these experiments includes the following stages: after emasculation of cereal flowers the stigma is pollinated by maize, the pollen then germinates, a pollen tube is formed [11, 12] and grows into the cereal embryo sac, where the cereal egg is fertilised by the maize sperm nuclei. A hybrid zygote is produced. The hybrid zygotes are cytologically unstable. Maize chromosomes fail to move to the spindle poles during cell divisions. Possibly, their centromeres fail to attach to the spindle microtubule and are quickly lost. Maize chromosomes are eliminated after a few cell divisions in the hybrid zygote forming the embryo. In the case of many crops and also cereals, the methods of DH production are advanced, well known and efficient, and there are detailed instructions for the production of DHs, e.g. barley, wheat, maize, rice, triticale, rye, potato and onion, but not for oat. Every species or even variety needs an individual method in order to obtain the best result [13, 14] . Oat still remains recalcitrant to those methods. Research is not very advanced and there is no guideline describing the efficient production of DH lines in this cereal. Albino plants create a big problem for the androgenesis method in all cereals, including oat [15] . The wide crossing method (chromosomes elimination) seems to be more effective than androgenesis, and moreover, there are no albino plants among the regenerants [16] . Until now there have only been a few publications concerned with obtaining oat haploids using wide crossing. In one of the first experiments using this method, 14 haploid plants were obtained when approximately 3300 florets were pollinated with maize pollen [16] . Matzk [17] indicates that obtaining oat haploid embryos is possible if the florets are pollinated with maize, pearl millet Pennisetum Americanum (L.) Leeke and eastern gamagrass Tripsacum dactyloides (L.) L. The efficiency of his experiments was less than 0.1% due to poor regeneration. Embryo induction was on the level of 0.4% to 9.8%, depending on the kind of pollen used. Among the obtained plants were oat haploids and hybrids with pollinators [17] . Aung [18] presented the results of his experiments using the oat x maize method at the "American Oat Workers Conference" in 1998. Average efficiency (the number of fully developed haploid plants per 100 pollinated florets) equalled 1.2%. Genotype influence was observed. Some of the regenerated plants were treated with colchicine and those that survived were fertile. The other group of regenerants was not treated and 13% of them spontaneously doubled their chromosome number [18] . Rines [19] presented a protocol for creating oat haploids but explained that it is not efficient enough for a wider application in breeding programs and further tests would be necessary. Following this protocol, oat florets should be pollinated with maize pollen two days after emasculation and after 2 further days treated with 2,4-D (concentration 100 mg/dm 3 ) and GA 3 (concentration 50 mg/dm 3 ) [19] . In Sidhu et al. studies [20] the results of experiments with 5 oat genotypes were analysed. The investigated factors influencing haploid production and regeneration included: auxin analogues, gibberelic acid, a concentration of dicamba, and temperature. The authors also noticed the influence of genotype e.g. for one author the florets treated with dicamba were the most successful, while for another genotype picloram was the best. Dicamba concentration changed the number of enlarged ovaries but there was no influence on embryo production. There were no statistically significant differences in the experiment based on temperature. The majority of colchicined plants were fertile [20] . There is a possibility of creating hybrids or part hybrids with a pollinator (e.g. pearl millet, maize) during the application of the wide crossing method to produce oat haploids. It poses a problem in the production of DHs but it may be used in genome research, cytogenetic research and other types of research [21] [22] [23] [24] .
The above mentioned papers described results related to oat haploid production by maize pollination only for single or few oat genotypes that did not originate from central Europe. Oat haploid production by these authors was inefficient. In our investigations we used several Polish genotypes, for which we tested the procedure of haploid embryo induction and regeneration previously described [16] [17] [18] [19] [20] as the most efficient. Our investigations also have a novel aspect, because new factors like time of pollination after emasculation and time from pollination to auxin treatment on haploid embryos and plant regeneration frequency have not been tested until now.
The aim of the study was to optimize the method of oat haploid and double haploid production by pollination with maize. The impact of genotype, auxin and time between emasculation and pollination on haploid production efficiency was investigated.
Experimental Procedures

Plant material and growing conditions
Material comprising seventeen F1 oat (A. sativa L.) genotypes was used for the female plants in making crosses with maize (Zea mays L.). Oat and maize plants were grown in controlled conditions in a greenhouse (16 h photoperiod, 21/17°C day/night). Oat genotypes, as female parents, (derived from Strzelce Plant Breeding Ltd.) and differing in drought tolerance, concentration of starch and fat in grains, were used in the experiment (Table 1) . Maize, as the male parent, was comprised of a mixture of three sweet corns (Waza, Dobosz and Wania).
Methods
Oat florets from all genotypes were removed from the middle part of the panicle using forceps and emasculated before anthesis, in the same phase of development as when the panicles were growing out of the leaf sheath. Secondary florets were discarded. Anthers from primary florets were emasculated and then pollinated on the same day (recorded as day 0) and after 1 or 2 days with fresh maize pollen collected at 15 minutes intervals. Pollen was applied to the florets using a fine brush. After pollination the panicles were covered with glassine bags. After 1, 2, 3, 4 and 5 days following pollination, drops of auxin solution were placed on the floret pistils using a syringe, namely: 2,4-dichlorophenosyacetic acid (2,4-D) or 3,6-dichloro-2-methoxybenzoic acid (dicamba, both concentrations being 100 mg·dm -3 ). Four weeks later the enlarged ovaries were isolated, surface-sterilized in 70% v/v ethanol, 10% v/v bleach (Domestos) and then washed four times with sterilized water. Embryos were isolated and placed on a 190-2 medium [25] modified with 9% v/v maltose instead of sucrose and a TL3 medium [26] containing maltose. Germination of embryos was maintained at 21ºC during a 16 h photoperiod. Green plants were transferred to an MS medium [27] and their ploidy was evaluated using a flow cytometer (Partec CCA, Munster, Germany). Haploid plants were transferred first to the perlite and then to the soil. Well-rooted plants were treated for 7 hours with 0.1% v/v colchicine solution supplemented with 40 g·dm -3 DMSO, a drop of Tween and 0.025 g·dm -3 GA 3 at a temperature of 25°C and light intensity of 80-100 mmol m -2 s -1 . Then plants were washed in running water for 48 h. After this process they grew in the greenhouse under the same conditions as maternal plants until grain maturation.
Statistical analysis
Data were analyzed using a one-way ANOVA and Student's t-test at P<0.05 with the statistical package STATISTICA 10.0 (Stat-Soft, Inc., USA). Significant differences between treatments are marked with different letters.
Results
Effect of genotype on embryo and haploid plant production
In total, 1576 oat florets from 17 genotypes were emasculated and pollinated with maize. After 4 weeks of culture, 128 embryos were obtained from all genotypes. The frequency of embryo formation varied strongly between genotypes ( 
Influence of time between emasculation and pollination on embryo production
The time that had elapsed between emasculation and pollination of oat florets by maize had a strong influence on embryo production in all responsive genotypes ( Figure 1 ). Florets that had been pollinated on the day of emasculation produced 3.5% of all embryos. In the case when pollination took place after emasculation, the effectiveness of this method was much higher. Pollination after 1 and 2 days following emasculation led to the production of 5.7% and 13.0% embryos per 100 florets, respectively. All the differences are significant at P<0.05 according to the ANOVA and Student's t-test ( Figure 1 and Table 3 ).
Influence of auxin on ovaries enlargement and embryo production
The growth regulators 2,4-D and dicamba had a significant influence on enlargement of the ovaries. There were 720 florets treated with dicamba and 856 with 2,4-D. Generally, enlarged ovaries following the dicamba treatment were approximately twice as large as those following the 2,4-D treatment (Figure 2 ). After placing a drop of dicamba or 2,4-D on oat pistils after maize pollination, 652 ovaries (90.2%) and 779 ovaries (82.9%) were enlarged, respectively. Treatment by both auxins, dicamba and 2,4-D, generated a similar number of enlarged ovaries and embryos ( Figure 3A and B). A one-way ANOVA and Student's t-test confirmed that there were no statistically significant differences (Table 3) . From the enlarged ovaries, 55 embryos after the 2,4-D treatment and 73 embryos after the dicamba treatment were isolated (7.3 and 8.5 embryos per 100 florets, respectively). 
Influence of time between pollination and application of growth regulators and type of regeneration medium on embryo germination and plant growth
It was shown that a higher number of embryos were obtained when treatment by auxins took place 2 days after pollination (10.4 embryos per 100 florets) than after 1 or 3 to 5 days (4.8 and 6.2 embryos per 100 florets, respectively) ( Figure 4 ). All differences were significant at P<0.05 according to the Student's t-test and ANOVA test (Table 3) . After three weeks of culture, 30.4% of all embryos were germinated and after a further three weeks 11.2% of them had developed into green plants. There were no albino plants, which are frequently observed in androgenic cultures. Germination and plant formation significantly differed between media used for regeneration (Table 3 ). It was observed that the 190-2 medium was better than TL3 ( Figure 5 ). The number of embryos placed on the 190-2 and TL3 media was 51 and 72, respectively. Three weeks later, 21 embryos (41.2%) on the 190-2 medium and 17 embryos (23.6%) on the TL3 medium were regenerated. After a further three weeks of culture, 10 haploid plants (19.6%) were generated on 190-2 whilst only 4 haploid plants (5.6%) were generated on the TL3 medium. The ANOVA and Student's t-tests confirmed that these differences were statistically significant.
Regenerated plants were treated with colchicine to double the number of chromosomes. All plants were haploids according to the flow cytometric measurements (Figure 6 ). Plants were then planted into the soil and grew until grain maturation in DH plants.
Discussion
In our investigations, the average efficiency of haploid embryo production was 7.8% and haploid plant Number of nuclei from 0.4% (maize) to 9.8% (pearl millet), though the efficiency of haploid production was less than 0.1%. Aung [18] observed the strong impacts of genotype on haploid production efficiency using pollination with maize for 9 oat genotypes. The efficiency of this method was on average 1.2% and the most responsive variety was AC Preakness (2.6%). Sidhu et al., [20] pollinated 5 genotypes of oat (2 Australian, 2 Canadian and 1 Japanese) with maize and also proved the very strong influence of genotype on the efficiency of this method. Embryo production ranged from 2.2 to 6.7% for the Mortlock and AK-1 varieties, respectively. In our experiment a high genotypic dependence was also observed, although not confirmed statistically. Among 17 genotypes used, the efficiency of embryo production per florets varied from 2.9 to 23.9%. It is necessary to emphasize that the embryos were obtained from all genotypes. Sidhu et al., [20] tested the influence of 2,4-D, dicamba, picloram and GA 3 treatment on embryo production in oat. These substances were applied to the florets as a fine mist in concentrations of 100 mg·dm -3 . It was shown that for one of these genotypes, dicamba was better in terms of enlarging the ovaries, whilst for another, picloram was superior. No significant differences were observed between all four growth regulators in their effect on embryo production.
This was in agreement with our experiment, where there was no statistically significant differences between embryo production when 2,4-D or dicamba was used. Sidhu et al., [20] regenerated the obtained haploid embryos on a B5 Gamborg's medium. The efficiency of plant production using the oat x maize method in this experiment ranged from between 0.8 and 6.7% of pollinated florets. The proportion of haploids which survived and were successfully doubled with colchicine, following transfer to the soil, was between 72% and 81%. In our experiment twice as many embryos were germinated and more than three times as many plants were regenerated on the 190-2 medium compared to TL3. Obtained haploid plants should have doubled their chromosome number and become double haploids (DHs) in order to restore their fertility. Among DHs obtained in Aung's [18] experiment, 86% of plants survived and produced seeds after the colchicine treatment. Moreover, about 13% of plants not treated with colchicine spontaneously doubled their chromosomes number. Sidhu et al., [20] treated 167 plants with colchicine and 128 of them were deemed fertile. In our investigations, all 14 DH lines survived and produced seeds after the colchicine treatment. It is necessary to emphasize that this result illustrates our achievement because oat is recalcitrant for haploid production. All lines had doubled their number of chromosomes, some of which were sent to Plant Breeding Strzelce Ltd., where the plants were tested in basic research in the field. In future, they can be recorded as the new Polish cultivars. This represents our advance in science and an achievement for Polish breeding.
In conclusion, the oat genotype is the main influence on the frequency of haploid embryo formation and the efficiency of regenerating plants through pollination with maize. Pollination on the 2 nd day after emasculation of the florets was the most effective compared to the 0 or 1 st day. The increased number of enlarged ovaries following the dicamba and 2.4-D treatments was similar and there were no statistically significant differences in the production of embryos. It was shown that treatment of florets by auxin on the 2 nd day after pollination was more effective than after 1, or 3 to 5 days. These investigations have a novel component, because new impacts like time of pollination after emasculation, time between pollination and auxin treatment on haploid embryos and the frequency of plant regeneration have not been tested until now. The results show that production of double haploids using the method of pollination with maize can be efficient for oat but still needs to be improved.
